In the present study, we show that E2Fs (E2 promoter-binding factors) regulate the expression of ASK-1 (apoptosis signal-regulating kinase 1), which encodes a mitogen-activated protein kinase kinase kinase, also known as MAP3K5. Its mRNA expression is cell-cycle-regulated in human T98G cells released from serum starvation. Moreover, overexpression and RNA interference experiments support the requirement of endogenous E2F/DP (E2F dimerization partner) activity for ASK-1 expression. Characterization of the human ASK-1 promoter demonstrates that the − 95/ + 11 region is critical for E2F-mediated up-regulation. Chromatin immunoprecipitation assays show that E2F1-E2F4 are bound in vivo to the ASK-1 promoter in cycling cells, probably through a non-consensus E2F-binding site located 12 bp upstream of the transcription start site. Mutation of this site completely abolishes the ASK-1 promoter response to E2Fs as well as the E2F1 binding in electrophoretic mobility-shift experiments. Our results indicate that E2Fs modulate the expression of ASK-1 and suggest that some of the cellular functions of ASK-1 may be under the control of E2F transcription factors. Moreover, the up-regulation of ASK-1 may also favour the p53-independent E2F1 apoptotic activity.
INTRODUCTION
E2F1 (E2 promoter-binding factor 1) was initially identified as a cellular DNA-binding factor required for the E1A (adenovirus 5 early region 1A product)-mediated activation of the adenoviral E2 gene [1] . It belongs to the E2F family, which to date comprises ten genes that encode the E2F1-E2F8 and DP1/2 (E2F dimerization partner 1/2 proteins (for review see [2, 3] ). Except for E2F7 and E2F8 proteins, the heterodimerization of E2F and DP subunits is essential to generate functional E2F complexes [4, 5] . All E2F/DP family members recognize variants of the nucleotide sequence 5 -TTTSSCGC-3 found in the E2 enhancer element [6] . E2F1 is known primarily for its role in the co-ordination of cell-cycle progression. Particularly, E2F1 regulates transition of the cell cycle from G 1 -to S-phase by transactivating genes required for DNA synthesis and cell-cycle control. Thus E2F1 overexpression is sufficient to drive quiescent cells into the S-phase of the cell cycle [7] . Moreover, by co-operation with the Ras oncogene, E2F1 can transform rat embryo fibroblasts and generate tumours in nude mice, providing evidence that E2F1 has oncogenic capacity [7, 8] . However, E2F1 can also act as a tumour suppressor as shown by E2F1-knockout mice which developed numerous tumours [9, 10] . Consistent with these observations, E2F1 overexpression has been shown to induce apoptosis in a p53-dependent or -independent manner [11] . However, the mechanisms of E2F1-mediated apoptosis have not been completely elucidated [12] .
In order to identify new E2F1 target genes, we performed an RDA (representational difference analysis) of cDNA, comparing p53-deficient Saos-2 cells overexpressing either E2F1 or GFP (green fluorescent protein). One of the E2F1-induced genes identified in this screen is ASK-1 (apoptosis signal-regulating kinase 1), also designated MAP3K5. This kinase is an ubiquitously expressed MAPKKK [MAPK (mitogen-activated protein kinase) kinase kinase], initially identified as an apoptosis-inducing kinase [13, 14] . It activates both the MKK4 (MAPK kinase 4)/MKK7-JNK (c-Jun N-terminal kinase) and MKK3/MKK6-p38 MAPK pathways, and is implicated in various cellular processes such as proliferation, differentiation and apoptosis in response to pro-inflammatory and stress signals [15, 16] . Moreover, ASK-1-knockout mice revealed that ASK-1 plays essential roles in oxidative-stress-and ER (endoplasmic reticulum)-stress-induced apoptosis [17] .
In the present study, we show that overexpression of E2F1 induces the expression of ASK-1 mRNA and protein, thus leading to increased kinase activity levels in the cells. Conversely, reduction of endogenous E2F/DP activity via DP1 RNAi (RNA interference) considerably decreases ASK-1 expression. To understand the mechanism by which ASK-1 expression is regulated by E2F, we characterized the ASK-1 promoter. Transfection and EMSAs (electrophoretic mobility-shift assays) demonstrated the crucial role of a non-consensus E2F-binding site located 12 bp upstream of the putative start site. E2F2, E2F3 and, to a lesser extent, E2F4 also enhanced ASK-1 promoter activity. Mutation within this site induced a critical decrease in the E2F-responsiveness of the ASK-1 promoter. Moreover, we demonstrated by ChIP (chromatin immunoprecipitation) assays that E2F1-E2F4 were associated in vivo with the regulatory region of the ASK-1 gene in cycling cells. Our results demonstrate that E2Fs modulate the expression of the apoptotic molecule ASK-1 and suggest that some of the cellular functions of ASK-1 may be under the control of E2F transcription factors. Moreover, upregulation of ASK-1 may also favour E2F1-induced apoptosis.
EXPERIMENTAL

Cell culture and RNA analysis
Human U2OS (A.T.C.C. number HTB-96), Saos-2 (A.T.C.C. number HTB-85), T98G (A.T.C.C. number CRL-1690), MDA-MB-468 (A.T.C.C. number HTB-132), HeLa (0) (A.T.C.C. number CCL-2) and WI-38 (A.T.C.C. number CCL-75) cell lines were routinely maintained in Dulbecco's medium with 10 % foetal calf serum at 37
• C in a water-saturated 5 % CO 2 atmosphere. The MCF10A (A.T.C.C. number CRL-10317) cell line was maintained in a 1:1 (v/v) mixture of Ham's F12 medium and Dulbecco's medium supplemented with 2 mM L-glutamine, 20 ng/ml EGF (epidermal growth factor), 100 ng/ml cholera toxin, 0.01 mg/ml insulin, 500 ng/ml hydrocortisone and 5 % horse serum. Synchronized T98G cells were obtained after serum starvation for 72 h. Total RNA and poly(A) + (polyadenylated) RNA were purified as described previously [18] using RNA PLUS reagent (Qbiogene) and oligo(dT)-cellulose columns (APBiotech). Cell-cycle analyses were performed by flow cytometry after DNA staining with propidium iodide (50 µg/ml). Poly(A) + RNA from synchronized T98G cells were subjected to Northern blot analysis using 32 P-labelled probes corresponding to the human full-length E2F1 cDNA, the human full-length CCNA2 (cyclin A2) cDNA, a 900 bp EcoRI fragment of the pcDNA3-ASK-1 construct [19] corresponding to the human coding region + 360 to + 1258. As a loading control, the blots were also hybridized with a human ARPP-P0 (acidic ribosomal phosphoprotein P0) probe amplified by PCR using the ARPP-P0-5 and ARPP-P0-3 primers (shown in Table 1 ).
RDA is a PCR-based differential cloning method that allows selective amplification of differentially expressed genes upon hybridization of two populations of cDNA. RDA was performed according to the procedure described precisely in [20] on cDNA obtained after retrotranscription of poly(A) + RNA isolated from human Saos-2 cells infected for 18 h with recombinant adenoviruses expressing GFP (Ad-GFP) or FLAG-tagged E2F1 transcription factor (Ad-E2F1) at an MOI (multiplicity of infection) of 100, as described previously [21] . Briefly, double-stranded cDNAs were digested with DpnII, adaptor-ligated and amplified by PCR using adaptor primers to generate 'representative amplicons'. Among the two populations of cDNA, cDNA from Ad-E2F1-infected Saos-2 cells was used as a 'tester', containing potential target genes, and cDNA from Ad-GFP-infected Saos-2 cells was used as a 'driver', driving the process of subtraction. After three rounds of subtraction, the amplified cDNAs were subcloned and DNA sequencing was performed.
Retroviral infections and semi-quantitative RT (reverse transcription)-PCR analyses
Retrovirus productions and infections were performed as described previously [22] . HeLa (0) and MCF10A cells were infected and selected with 1 µg/ml puromycin for 96 h. Total RNA (2 µg) was treated for 30 min with RQ1 RNase-free DNase (Promega) and was reverse-transcribed for 50 min at 37
• C with MMLV (mouse Moloney leukaemia virus) (Invitrogen). PCRs were performed using Taq Gold Star (Eurogentec) with various amounts of the RT reaction mixture to determine the linear range of amplification. ARPP-P0 was used as a control. The sequences of primers used in the PCRs are listed in Table 1 . Table 1 Primers used in semi-quantitative PCRs   Name  Sequence   ARPP-P0-5  5 -GGCATCACCACGAAAATCTCCA-3  ARPP-P0-3  5 -GGTTGCTTTGGCCGGGATTAGTC-3  ASK1-5  5 -TGAATCTGAGCCAACACTACAG-3  ASK1-3  5 -CATCAGGAAGCACGTGCCAAA-3  DP1-5 5 
ASK-1 kinase assays
ASK-1 kinase assays were performed using the MBP (myelin basic protein) as a substrate according to the previously described protocol [23] . Briefly, to eliminate non-specific kinase activity immunoprecipitation, total protein lysates (400 µg) were first pre-cleared with an irrelevant antibody directed against ICAM1 (intracellular adhesion molecule 1) (sc-7891; Santa Cruz Biotechnology). ASK-1 was then immunoprecipitated with 2 µg of anti-ASK-1 antibody in RIPA buffer. The immunoprecipitates were then mixed with 10 µg of MBP-1 (Sigma) in kinase buffer (20 mM Hepes, pH 7.6, 25 mM 2-glycerophosphate, 100 µM Na 3 VO 4 , 2 mM dithiothreitol and 20 µM ATP) containing 10 µCi of [γ -32 P]ATP. The kinase assay was performed at 25
• C for 30 min. The reactions were terminated by the addition of Laemmli sample buffer, and samples were separated on 10 % polyacrylamide gels.
Isolation of the 5 -flanking region of the human ASK-1 gene and deletion promoter constructs
A human female genomic λDash Sau3A partial DNA library was screened with the 900 bp EcoRI fragment of the pcDNA3-ASK-1 construct radiolabelled with [α-32 P]CTP using the Megaprime DNA labelling system (APBiotech). Nine positive clones were purified and two clones containing ASK-1 sequences upstream from the ATG were subcloned into pZero vector (Invitrogen). A 3257 bp EcoRI/NaeI fragment and a 1685 bp SmaI/ BsiHKaI fragment from the ASK-1 genomic clones were first cloned into the pGL3-basic vector (Promega). These clones were entirely sequenced using a BigDye Terminator Cycle Sequencing Ready Reaction kit (Amersham Biosciences). The presence of putative transcription-factor-binding sites was obtained using MatInspector software (http://www.genomatix.de) and Transcription Element Search Software (http://www.cbil.upenn.edu/tess). Deletion constructs were produced by a series of digestions. Mutated constructs were derived from the corresponding deletion 
one by introducing mutated nucleotides with the QuikChange ® site-directed mutagenesis kit (Stratagene) and the oligonucleotides D-M1 and D-M2 (see Table 2 ).
Transfections and expression vector constructs
Transfections were performed by following the Ex Gen 500 (Euromedex) procedure in 12-well plates. All assays were normalized to the β-galactosidase activity of the pCMV-βGal vector in order to take into account transfection efficiency variations.
All the experiments were performed at least twice using two different plasmid preparations. For co-transfection experiments, the pcDNA3-HA-E2F1, pcDNA3-HA-E2F2, pcDNA3-HA-E2F3, pcDNA3-HA-E2F4 and pcDNA3-HA-DP1 plasmids were constructed by cloning the coding sequence of the human E2F and DP1 genes generated by PCR into the pcDNA3-HA expression vector (Invitrogen), in-frame with the sequence encoding the C-terminal HA tag. E2F1(1-374) TA is a C-terminal 63-aminoacid-truncated transactivation-defective E2F1 mutant generated by PCR. This mutant is competent for DNA binding but defective for Rb (retinoblastoma protein) binding and transcription. E2F1( 120-190 ) DBD is an internal DNA-binding-domain deletion mutant of residues 120-190.
EMSAs
EMSAs were performed using nuclear extracts from U2OS Ad-E2F1-infected cells as described previously [24] . Briefly, extracts were incubated for 20 min in a final volume of 20 µl containing 20 mM Hepes, pH 7.9, 20 % (v/v) glycerol, 0.1 mM EDTA, 1 mM dithiothreitol, 1 µg of sheared salmon sperm DNA, 50 mM NaCl and 50 000 c.p.m. of probe. The reaction mixtures were then loaded on a 4.5 % polyacrylamide gel in 0.5× TBE (Tris/borate/EDTA) and run for 4 h at 170 V (4 • C). For supershift experiments, 1 µl of anti-FLAG M2 monoclonal antibody (Sigma), 1 µl of anti-E2F1 antibody or 1 µl of anti-CREB2 (cAMP-response-element-binding protein; sc-200; Santa Cruz Biotechnology), as a non-relevant antibody, were added to binding reactions. When indicated, a 200-fold molar excess of unlabelled double-stranded oligonucleotides was added. Oligonucleotides employed in binding assays after hybridization to obtain the corresponding DNA duplex are shown in Table 2 .
ChIP assays
In vivo detection of ASK-1 promoter-associated E2F was performed on HeLa (0) cells by ChIP as described previously [21] . The E2F-containing complexes were immunoprecipitated with polyclonal antibodies obtained from Santa Cruz Biotechnology, anti-E2F1 (sc-193), anti-E2F2 (sc-633), anti-E2F3 (sc-878) and anti-E2F4 (sc-1082). The anti-ICAM1 (sc-7891) antibody was used to control the immunoprecipitation specificity. The following oligonucleotides were designed to amplify by PCR a 297 bp fragment of the human ASK-1 gene: 5 ASK-1, 5 -GT-GCTGGACCGCTTTTACAATGC-3 , and 3 ASK-1, 5 -CAG-TTCAAGTCGATCGCATGGAC-3 . Specific primers were also designed to amplify a 296 bp fragment of the fifth intron of the ASK-1 gene as a negative control: 5 ASK-1Int5, 5 -GTTC-CCTTCCAGAATGCGTTAAC-3 , and 3 ASK-1Int5, 5 -GATA-ACATCATATTCATGTAAC-3 . Finally, as positive controls, specific primers were designed to amplify a 124 bp fragment of the human E2F1 promoter and a 169 pb fragment of the human CCNA2 promoter: 5 E2F1p, 5 -CGCCGTTGTTCCCGTCA-CGGC-3 , and 3 E2F1p, 5 -CGGCCGCCGCTGCCTGCAAA-GTCC-3 ; 5 CyA2, 5 -CTGCTCAGTTTCCTTTGGTTTACC-3 , and 3 CyA2, 5 -CAAAGACGCCCAGAGATGCAG-3 .
RESULTS
Isolation of ASK-1 in an RDA screen
An RDA strategy was used to identify new E2F1-regulated genes in p53-null Saos-2 cells. After three rounds of subtraction, potential E2F1 target genes were specifically isolated. Among them, approx. 5 % of the identified cDNA corresponded to the well-characterized MAP3K5 gene, also known as ASK-1 [13] . Among the 12 other genes isolated by RDA, we found previously described E2F target genes (encoding cyclin E and enolase 2 [25] ). Analysis of the other genes that were isolated is currently underway.
ASK-1 expression is cell-cycle-regulated
Since the activity of E2F factors plays a major role in inducing cell-cycle progression through the transcriptional control of their target genes, we analysed the endogenous ASK-1 expression during cell-cycle progression of T98G neuroblastoma cells as follows. The cells were made quiescent by serum starvation and were then stimulated with serum and harvested at different time points from 0 to 30 h. Cell-cycle distribution was monitored by flow cytometry after propidium iodide staining. As expected, we observed a drastic increase in endogenous E2F1 levels around the G 1 -to-S-phase transition (Figure 1 ). The expression level of ASK-1 began to increase when the E2F1 expression level was maximal, temporally correlated with cell entry into S-phase. It is important to note that the cell-cycle-expression profile of ASK-1 perfectly matches that of CCNA2, a well-known E2F target gene ( [26] , but see [26a] ). Therefore our results indicate that ASK-1 expression is cell-cycle-regulated in T98G cells leading us to hypothesize that its expression is, in part, under the control of E2F transcription factors. . In contrast, p53 dramatically increases the expression level of its well-known target gene p21, indicating that p53 is fully functional in our experiments ( Figure 2B ). The level of exogenous E2F1 and p53 proteins were also detected by Western blot to compare their levels with those of the endogenous proteins. Detection of actin was performed as a loading control.
To gauge whether the effect of E2F1 on ASK-1 expression results in functional ASK-1 synthesis, ASK-1 kinase activity was measured in vitro using MBP as a substrate [23] . After adenoviral infections, endogenous ASK-1 was immunoprecipitated from U2OS cell lysates and its kinase activity was determined. As shown in Figure 2 (C), a 3-5-fold increase of ASK-1 kinase activity was observed upon infection by Ad-E2F1 at an MOI of 500 and 100 (lanes 3 and 4 respectively). This increased activity also led to the previously described ASK-1 autophosphorylation process [27] . In contrast, the ASK-1 kinase activity observed upon infections by Ad-GFP ( Figure 2C, lane 2) or Ad-p53 ( Figure 2C , lane 5) at an MOI of 100 is the same as that observed in noninfected cells ( Figure 2C, lane 1) . Therefore the ASK-1 protein expressed upon E2F1 activation is apparently functional, since more ASK-1 expression leads to more apparent kinase activity in the cells.
Reduction of E2F/DP activity causes decreased ASK-1 expression
We next examined whether a reduction of endogenous E2F/DP activity through RNAi-mediated depletion of DP1 affects ASK-1 expression. HeLa (0) and MCF10A cells were infected with retrovirus encoding an shRNA (short hairpin RNA) directed against DP1 (DP1-shRNA) or a scramble control sequence (control shRNA), RNA was prepared 4 days after infection and was subjected to RT-PCR. As reported previously [28] , DP1-specific shRNA significantly diminished the endogenous DP1 mRNA level (Figure 3 ). There was no significant changes in the levels of DP2, thus demonstrating the specificity of the DP1-shRNA. In contrast, similarly to the well known E2F-target gene CCNA2, expression of ASK-1 transcripts was reduced in DP1-shRNA-infected samples, whereas no changes were observed in ARPP-P0 expression levels. These results indicate that E2F/DP1 activity is partially responsible of the endogenous ASK-1 gene expression.
Functional analysis of the ASK-1 promoter
As a first step to isolate the ASK-1 promoter sequence, we screened a human genomic DNA library by colony hybridization using a radiolabelled fragment of the ASK-1 cDNA (+ 360/+ 1258). Among the nine positive clones isolated and size-characterized, the two 5 -longest clones were digested by EcoRI, and the resulting 4.2 kb fragments were subcloned into the pZero vector and sequenced. Computer analysis revealed that this putative promoter sequence has neither TATA nor CAAT boxes. No perfect consensus E2F-binding site was identified in the ASK-1 5 -flanking region. Despite numerous attempts using both RNase protection assays and primer extension experiments, we were unable to identify precisely the transcription start site, probably due to the high GC content of the region surrounding the putative transcription start site. We thus consider the first nucleotide of the longest mRNA sequence found in the GenBank ® database (accession number NM 005923) as the potential transcription start site located 362 bp upstream of the ATG. A 3257 bp EcoRI/NaeI fragment and a 1685 bp SmaI/BsiHKaI fragment of the 5 flanking sequence of the ASK-1 gene [designated A(− 3200/+ 57) and B(− 1319/+ 366) respectively] were cloned into the promoterless reporter plasmid pGL3-basic and tested for their ability to act as functional promoters in transient transfection assays.
As shown in Figure 4 (A), upon transfection into U2OS cells, these constructs exhibited a low level of activity with approx. 6-fold increase in luciferase expression above the promoterless vector. These constructs were also tested in other cell lines [T98G and HeLa (0)] and exhibited comparable basal transcriptional activity (results not shown). To determine whether these sequences can provide E2F-responsiveness to the ASK-1 promoter, the reporter constructs were transfected into U2OS cells together with vectors expressing E2F1 and DP1 proteins. As expected, E2F1 caused approx. 40-fold increase in ASK-1 luciferase activity. Deletion constructs derived from A and B were generated to define clearly the minimal ASK-1 promoter region necessary for E2F1 activation. Other 5 and 3 deletion plasmids C, D, E, F and G, as outlined in Figure 4 (A), presented almost the same basal transactivation level as the A and B promoter constructs and their transcriptional activity was actively stimulated upon co-transfection with pcDNA3-HA-E2F1 and pcDNA3-HA-DP1 in the U2OS cell line. Progressive deletion of sequences 5 to position − 95 (construct H) resulted in transcriptional activity similar to that of the − 3200 bp fragment (A), implying that the ASK-1 promoter region spanning nucleotides − 3200 to − 95 is dispensable for induction by E2F1. In addition, deletion of the 3 region up to position + 11 had no significant effect on the E2F1-dependent activation, thus suggesting that the minimal sequence necessary for E2F1-dependent ASK-1 gene transactivation in U2OS cells approximately maps to − 95/+ 11. Accordingly, the E2F-responsiveness of the promoter was dramatically reduced (by approx. 80 %) in construct I, corresponding to the B construct deleted of fragment (− 122/+ 57). Likewise, no activation was detected upon co-transfection of the J(− 344/− 122) construct and the E2F1 expression vector.
We next found that E2F1-E2F4 were able to activate the promoter ( Figure 4B ). Although they were expressed at similar protein levels ( Figure 4C ), E2F1 and E2F3 were stronger activators of the ASK-1 promoter compared with E2F2 and E2F4 (Figure 4B) .These results indicate that the − 95 to + 11 ASK-1 promoter sequence contains a strong E2F positive regulatory element.
E2F1 activation of human ASK-1 promoter requires the DNA-binding and transactivation domains of E2F1
To determine the E2F1 functional domains that are required for the ASK-1 promoter activation, we performed transfections using various E2F1 mutants. As illustrated in Figure 5 (A), when compared with cells transfected with the pcDNA3-HA plasmid (control), the relative luciferase activity from the ASK-1 promoter constructs A(− 3200/+ 57) and H(− 95/+ 11) were increased 43-fold and 40-fold respectively in U2OS cells transfected with the plasmid encoding the full-length E2F1. E2F1 constructs lacking the DNA-binding or transactivation domains, i.e. the E2F1( 120-190 ) DBD and E2F1(1-374) TA proteins, were unable to significantly stimulate transactivation over the basal value. We also determined the endogenous ASK-1 promoter activity by RT-PCR analysis of the ASK-1 mRNA level upon transfection of the same E2F1 constructs. As shown in Figure 5(B) , the results obtained on the endogenous ASK-1 gene matched perfectly those obtained with the reporter constructs. These data therefore indicate that the DNA-binding domain and the transactivation domain of E2F1 are necessary for efficient E2F1 transactivation of the ASK-1 promoter, thus suggesting a direct up-regulation of ASK-1 by E2F1.
Binding of E2F1 to the human ASK-1 promoter
Analysis of the minimal ASK-1 promoter region responsible for E2F1 transactivation, i.e. − 95 to + 11 bp upstream from the translation site, with MatInspector and Transcription Element Search System software revealed no perfect consensus E2F-binding site. Nevertheless, as illustrated in Figure 6 (A), five non-consensus E2F binding sites named E2F − 84 (nucleotides − 88 to − 80), E2F − 65 (nucleotides − 69 to − 61) E2F − 50 (nucleotides − 54 to − 46), E2F − 12 (nucleotides − 15 to − 8) and E2F + 7 (nucleotides + 4 to + 11) and a GC-box (nucleotides − 50 to − 22) were identified. To determine whether E2F1 can bind these sequences, we synthesized four double-stranded oligonucleotides covering this region and performed EMSAs with Ad-E2F1-infected U2OS nuclear extracts. Incubation of the E2F consensus probe with these extracts resulted in the formation of distinct protein-DNA complexes ( Figure 6B ). These complexes were eliminated by the addition of a 200-fold excess of unlabelled oligonucleotide containing a functional E2F consensus site, but not by an oligonucleotide containing a mutated E2F-binding site in which the core CG was replaced by AT (see Table 2 ). On the other hand, the migrating complexes were unaffected by competition with the ASK-A and ASK-B unlabelled oligonucleotides, but were strongly competed by either the ASK-C or ASK-D unlabelled oligonucleotides. To determine whether E2F1 binds sequences ASK-C and ASK-D, EMSAs were performed using these oligonucleotides as probes. Four bands were observed when the ASK-C probe was incubated with U2OS nuclear extracts overexpressing E2F1 proteins ( Figure 6C , left-hand panel). Supershift assays revealed that the anti-E2F1 and the anti-FLAG antibody did not generate any supershifted band, neither did the non-relevant anti-CREB2 control antibody. Conversely, when the ASK-D probe was incubated with the same extracts, five bands (D1-D5) were observed ( Figure 6C, right-hand panel) . Interestingly, among them, the D3 complex was supershifted by either the anti-E2F1 or the anti-FLAG antibody, but not by the anti-CREB2 control antibody, which was used to assess the shift specificity. Taken together, these results confirm that E2F1 protein associates with the ASK-D sequence of the minimal E2F1-responding ASK-1 promoter fragment. Since the − 22 to + 11 sequence of the ASK-D oligonucleotide contains two putative non-consensus E2F-BS (binding sites), we mutated these sites by replacing the CG with TA at positions − 12 and − 11 (BS1), thus leading to the ASK-D M1 oligonucleotide, and by replacing the GC with AA at positions + 6 and + 7 (BS2), leading to the ASK-D M2 oligonucleotide, or mutated both sites, leading to the ASK-D M1 + 2 oligonucleotides. Competition experiments were performed against the wild-type ASK-D probe with an excess of unlabelled oligonucleotides that carry respectively the wild-type putative E2F-binding sites or the mutated versions of these sites ( Figure 7A ). These results clearly show that the five protein-DNA complexes were competed by a 200-fold molar excess of the wild-type ASK-D unlabelled competitor, as well as by an excess of ASK-D M2 unlabelled competitor. In contrast, competition with the ASK-D M1 or M1 + 2 unlabelled oligonucleotides resulted in a major loss of complexes D1, D2, D4 and D5, indicating that they originate from protein binding outside of the putative E2F-binding sites. Conversely, complex D3 was unaffected by excess unlabelled oligonucleotides M1 or M1 + 2. Moreover, the presence of E2F1 in the D3 complex was confirmed in the presence of unlabelled M1 competitor by the shift observed upon addition of anti-E2F1 antibody ( Figure 7B) . As a control, no significant effect was observed by the addition of anti-CREB2 antibody. As expected, incubation of U2OS nuclear extracts with labelled mutated M1 or M1 + 2 ASK-D oligonucleotides resulted in the absence of the D3 complex ( Figure 7C ). Similar results were obtained when EMSAs were performed using purified recombinant bacterially expressed GST-E2F1 in combination with GST-DP1 proteins (results not shown). These results demonstrated that the non-consensus E2F-binding site at position − 15 to − 8 is responsible for E2F1 binding on the ASK-1 minimal E2F1-responsive promoter region.
Mutation of the ASK-1 promoter at position − 12 abolishes transactivation by E2F
In order to test the effect of the mutation of the identified E2F-binding sites BS1 and BS2 on the ASK-1 promoter activity, the above-mentioned mutations were introduced in the ASK-1 reporter construct H(− 95/+ 11). The activities of the resulting constructs (M1-H and M2-H) were then compared with the activity of the wild-type H(− 95/+ 11) reporter construct upon transient transfection in U2OS cells (Figure 8) . The results, expressed as fold activity relative to that obtained in absence of E2F expression vectors, indicate that only the M1 mutation dramatically decreased the E2F effect on the ASK-1 reporter construct. These results indicate that E2F-BS1 is the sole functional binding site present in the − 95/+ 11 region of the ASK-1 gene.
E2Fs associate in vivo with the ASK-1 promoter
To confirm the implication of the E2Fs in the ASK-1 promoter control, we performed ChIP experiments using cycling HeLa (0) cells. As shown in Figure 9 , the cross-linked ASK-1 promoterE2Fs complexes immunoprecipitated with polyclonal antibodies directed against E2F1, E2F2, E2F3 and E2F4 were detected by PCR amplification with oligonucleotides spanning the first exon of the human ASK-1 gene. As positive controls, in vivo association of the E2F factors with E2F1 and CCNA2 promoters were detected by PCR with specific primers on the same samples, as described previously [29] .
The absence of PCR amplification using primers spanning the fifth intron of the ASK-1 gene rules out spurious interaction between E2F factors and the ASK-1 promoter region. As a negative control, ChIPs with an irrelevant antibody directed against ICAM1 failed to detect genomic DNA fragments for the ASK-1 promoter as well as for the E2F1 and CCNA2 promoters. Inversely, RNA pol II association with both promoters provided an additional positive control. These results demonstrate that E2F1, E2F2, E2F3 and E2F4 bind the ASK-1 promoter in vivo and provide further evidence for E2F transcriptional control of ASK-1 promoter activity.
DISCUSSION
In our experiments, ASK-1 was identified as a potential E2F1 target gene by RDA comparison of cDNA from Saos-2 cells infected by E2F1-expressing recombinant adenovirus compared with cells infected with a GFP-expressing one. Despite the fact that ASK-1 was also identified as a potential E2F target gene by others in U2OS cells [30] and in melanoma cells [31] , the mechanism for such a regulation has remained uninvestigated, particularly in a normal cellular context. In the present study, we demonstrated the isolation and characterization of the promoter region of the human ASK-1 gene and analysed the mechanisms involved in its regulation by the E2Fs.
ASK-1 is a MAPKKK that is involved in the cellular apoptotic response resulting from oxidative stress, ER stress as well as TNF (tumour necrosis factor) exposure [16] . However, the functions of ASK-1 are not limited to the apoptotic pathway, since it is also involved in the control of cellular proliferation, differentiation and survival [16, 32, 33] .
Our results indicate that E2Fs increase ASK-1 expression at the mRNA and protein levels in various mammalian cell lines. Besides, inhibition of DP1 expression by RNAi confirmed the role of E2F/DP1 activity in maintaining ASK-1 gene expression in these cell lines. The fact that ASK-1 mRNA is only partially diminished upon DP1-shRNA expression is probably due to the residual DP1 expression level as well as the presence of endogenous DP2 in the cells. Moreover, additional pathways may be involved in the regulation of ASK-1.
According to the cell-cycle regulation of bona fide E2F target genes, the expression pattern of ASK-1 during T98G cell-cycle progression is similar to that of CCNA2, an extensively characterized E2F target gene. Involvement of p53 in E2F1-induced up-regulation of some genes has been described previously [34] . Concerning ASK-1, such a mechanism was excluded since ectopic expression of E2F1 in p53-deficient human cells (Saos-2) or p53-mutated human cells (MDA-MB-468) led to an increase of ASK-1 levels, whereas overexpression of p53 in wild-type p53-expressing cells (U2OS and MCF10A) never affected the ASK-1 levels or kinase activity. Moreover, our results also rule out the possibility that ASK-1 is a p53 target gene in these cells. Activation of the promoter of ASK-1 requires the DNA-binding and transactivation domains of E2F1 and is direct, since ER-E2F1 fusion protein overexpression can induce ASK-1 mRNA expression even in the presence of protein synthesis inhibitors (results not shown).
To understand the mechanism by which ASK-1 expression is regulated by E2F, we characterized the ASK-1 promoter. The 5 -flanking region of ASK-1 gene is highly GC-rich and lacks a consensus TATA box or CAAT box upstream of the putative transcription initiation site. As revealed by a computer study of E2F targets, only a few E2F-regulated genes contain a TATA box, and a common feature of most of the E2F target genes is the presence of E2F sites located within the first 150 bp upstream of the transcription start site [35] . Interestingly, the human ASK-1 minimal promoter fragment H (− 95/+ 11) does not contain any consensus E2F-binding sites. Nevertheless, several E2F-regulated genes (e.g. CCNE1, CCNA2 and MYBL2) do not contain perfect consensus E2F DNA-binding sites [36] . As estimated by Weinmann et al. [37] , 25 % of E2F-target promoters recruit E2F via a mechanism distinct from the defined consensus site Supershift experiments were performed with the anti-FLAG antibody (α-Flag), anti-E2F1 antibody (α-E2F1) and a non-relevant isotype antibody (α-CREB2). The complexes formed with the ASK-D probe are indicated by asterisks. NE, nuclear extract. [37] . Using deletion and site-directed mutants, we found that a non-consensus E2F site BS1 (GGGCGGGC) is strictly necessary for the up-regulation of the ASK-1 promoter. Gel-mobility shift and supershift experiments involving BS1 located at position − 15 to − 8 of the ASK-1 promoter indicate that E2F1 binds ASK-1 in vitro. The ASK-1 promoter is activated by the growth-promoting E2F transcription factors (E2F1-E2F3) and, to a lesser extent, by E2F4, indicating that ASK-1 is the target of various E2F family members. Moreover, ChIP assays performed on cycling cells revealed in vivo binding of E2F1-E2F4 to the ASK-1 promoter, assessing the physiological relevance of the effect that E2F family members have on the ASK-1 promoter activity.
Since E2F1 and ASK-1 apoptotic functions are well documented, it is temping to implicate ASK-1 as a component of the E2F1-induced apoptotic response. Nevertheless, in our hands, neither overexpression of a kinase death dominant-negative ASK-1 form (ASK-1-K709R) nor knockdown of ASK-1 expression by RNAi were able to significantly reduce E2F1-induced apoptosis (results not shown). Our results may be accounted for by various, non-mutually exclusive, possibilities. First, the resulting levels of ASK-1 activity, although reduced significantly, could remain sufficient to allow apoptosis. Secondly, ASK-1 involvement in E2F1-induced apoptosis might be cell-type-specific. Thirdly, because ASK-1 represents only one of the several known E2F target genes involved in parallel redundant pathways of cell death, inhibition of just one of these may have little effect. Nevertheless, in addition to its stress-induced apoptotic functions, ASK-1 is also implicated in other cellular processes (proliferation, differentiation and survival). Therefore it is possible that the E2F transcription factors that are highly implicated in such cellular processes control some of the ASK-1 functions through its transcriptional regulation. In this context, Yamamoto et al. [38] demonstrated that ASK-1 kinase activity is highly enhanced during the G 2 /M-phase. So, as suggested by the ASK-1 cellcycle expression profile observed, E2F might be responsible for the cyclic accumulation of ASK-1 proteins, allowing their activation during the G 2 /M-phase. Moreover, Dasgupta et al. [39] demonstrated a physical and functional interaction between ASK-1 and Rb proteins in response to specific apoptotic stimuli. This interaction inactivates Rb and enhances the transcriptional activity of E2F. Therefore, under stress conditions, the up-regulation of ASK-1 may contribute to a positive-feedback loop by which E2Fs inhibit their own repression by Rb, allowing the activation of their target genes. Immunoprecipitations of E2F containing complexes were performed using anti-E2F1 (α-E2F1), anti-E2F2 (α-E2F2), anti-E2F3 (α-E2F3) and anti-E2F4 (α-E2F4) antibodies. Anti-ICAM1 polyclonal antibody (α-ICAM1) was used as negative control and anti-(RNA pol II) (α-RNA pol II) as a positive control. After isolation of bound DNA, PCR was performed for a 297 bp region of the endogenous ASK-1 promoter. As positive controls, PCRs were also performed using E2F1-promoter-specific primers and CCNA2-promoter-specific primers, two well-documented E2F target genes, and ASK-1-intron 5-specific primers as a negative control. Input indicates PCR performed on DNA (diluted 1/300) without any immunoprecipitation. Values on the right indicate the number of PCR cycles performed. prom, promoter.
